Some of the most basic questions of evolutionary genetics concern the way that adaptations are constructed from beneficial mutations. Are adaptive traits typically the product of many mutations, each encoding a small phenotypic effect, or can most adaptation be attributed primarily to a few mutations, each with major effects? The former view was established by FISHER (1930) , using a geometric analogy in which a population begins the adaptive process at some hyperdimensional distance from a central point that represents the optimal phenotype. Random mutations whose phenotypic effects are small relative to the distance between the current phenotype and the optimum are more likely to move a population closer to that optimum than are mutations with large effects. FISHER concluded that mutations with very small phenotypic effects and fitness advantages are responsible for most adaptive change. However, upon reviewing both the theoretical basis and the empirical evidence for Fisher's micromutational view, ORR and COYNE (1992) concluded to their surprise that both are weak. ORR (2002 ORR ( , 2003 found that the distribution of selection coefficients of mutations fixed by selection is roughly exponential, regardless of the distribution of phenotypic effects of random mutations.
This predicts that adaptive change will typically result primarily from a few mutations with large effects, supplemented by mutations with small effects.
It is rarely possible to sample a sufficiently large number of adaptive mutations to describe their distribution, but some studies have supported the more qualitative prediction that most phenotypic evolution is attributable to genetic changes at very few loci. KEIGHTLEY (1998) analyzed a mouse line selected for increased body weight for 50 generations, and found that most of the response to selection resulted from mutations at two loci, with some influence of a third locus. IMHOF and SCHLOTTERER (2001) isolated 66 adaptive mutations in E. coli using frequency changes in plasmids hitch-hiking with adaptive mutations. Their observations were consistent with an exponential distribution, although other distributions could not be ruled out. On the other hand, when LANDE (1981) estimated that the numbers of loci responsible for quantitative trait variation in several plant and animal populations ranged from five to 22. Many of these estimates approached the upper limit that would be detectable given the genetic map of the organism under study. Increasingly precise mapping has led to the identification of 53 loci of QTLs affecting bristle number in Drosophila (DILDA and MACKAY 2002) .
Although the distribution of effects was exponential, the authors noted that this could be an artifact of sampling, linkage or epistasis.
As a supplement to comparisons among natural populations, experimental evolution offers the advantages of known ancestries and constant, reproducible selective environments. The rarity of spontaneous adaptive mutations can be surmounted using large populations of microbes with short generation times (LENSKI et al. 1991) . The simple life histories and freeze-tolerance of experimental microbes also permit direct estimates of fitness changes, allowing adaptation to be quantified. The ability to measure fitness in the same environment in which it evolved also avoids the limitation that the relationship of some quantitative traits to fitness, or the nature of potential selection upon them, are unclear (ORR and COYNE 1992) . Finally, yeast offer the additional advantage of a readily manipulated sexual cycle that permits the Mendelian analysis of adaptive differences between evolved and ancestral genotypes.
The number of detectable mutations is limited by the genetic map of yeast, which contains about 90 crossovers per diploid genome. Since the estimated number of adaptive mutations will be well below this limit, it is unlikely to cause serious bias. A common method of estimating numbers of segregating loci responsible for phenotypic variation is QTL mapping. For the direct comparison of ancestral with evolved genotypes used here, QTL mapping is not applicable because insufficient molecular evolution has occurred to provide the necessary markers. Instead, I use biometrical methods to estimate the effective number of loci (n e ). Studies directly comparing estimates from QTL mapping and biometrics are apparently rare. BUTRUILLE et al. Unlike QTL mapping, the approach used here is not compromised by recombination between QTLs and marker loci. However, it shares with QTL mapping the risk of interpreting a cluster of tightly linked genes as a single locus. The relatively large number of chromosomes (16) and high recombination rates (see WINZELER et al., 1998) of yeast reduce the risk of linked mutations segregating as a single locus. Nevertheless, a recent combination of QTL mapping with microarray analysis in yeast (STEINMETZ et al. 2002) found not only that three major loci affecting heat tolerance were so tightly linked that they segregated as a single locus, but also that one of the high-tolerance alleles originated from the low-tolerance parent. In yeast populations evolved in glucose-limited chemostat cultures, PAQUIN and ADAMS (1983) counted 64 selective sweeps in haploid and diploid populations in 2612 generations over 11 populations. The average fitness increment for 10 of these mutations was 10%.
Here I analyze the genetic basis of adaptation in a genotype sampled from this population. The results support recent predictions that adaptive change is attributable primarily to mutations at few loci.
MATERIALS AND METHODS
Experimental evolution: Experimental populations were founded by derivatives of strain S288c obtained from the American Type Culture Collection (see Table 1 ). Haploid produced by integrative transformation of strain 56 with a BamHI-EcoRI fragment of plasmid pKanMX4 encoding resistance to the antibiotic G418 (WACH et al. 1994 ). This marker has been consistently found to have no detectable fitness effect when introduced into yeast strains by transformation (BAGANZ et al. 1997) . A diploid ancestral competitor was used because this avoids the complication that a haploid would mate with rather than compete with a haploid of the opposite mating type. There is no detectable fitness difference between haploid and diploid versions of the ancestor (ZEYL et al. 2003) .
Fitness assays were performed as described by ZEYL and DE VISSER (2001) and ZEYL et al (2003) . Briefly, frozen samples of the ancestral strain and the populations or genotypes of interest were thawed, re-acclimated separately to the conditions of the selection experiment for two 24h growth cycles, mixed in replicate tubes of 10 mL DM+Leu and allowed to compete for one or two 24-hour growth cycles, under exactly the same conditions as in the long-term experiment. Genotype frequencies were estimated by plating and replica-plating competing mixtures, using a neutral marker encoding G418 resistance to distinguish the ancestor. Fitness was calculated as the net umber of cell divisions by the evolved genotype or population divided by that for the ancestor. Ancestral fitness is therefore defined as 1.0. All fitness assays were replicated ten to twenty-fold. In a typical standard 48-hour competition replicated tenfold, the smallest fitness difference resolvable with 95% confidence is approximately 2%.
Genetic Analysis of Two Haploid Genotypes:
From competitive fitness assays of evolving populations at 500-generation intervals, one of the replicate haploid populations was identified as showing representative fitness increases. The fitness trajectory of this population was analyzed in greater detail by fitness assays performed as described above at 100-generation intervals. A single genotype (henceforth A2000) was isolated from this population as a single colony on DM+Leu agar from a sample frozen after 2000 generations. A second genotype (B2000) was similarly isolated from a different haploid population (Tables 1 and 2 ).
Each genotype was crossed with the haploid strain isogenic to its own ancestor but of the opposite mating type. Mating strains were mixed on DM+Leu agar, and mating pairs of cells was identified visually and isolated by micromanipulation under an inverted microscope. Haploid F1 progeny were obtained from the resulting diploid genotypes by microdissection of asci following sporulation on standard sporulation agar (2% potassium acetate, 60 mg/L leucine, 50 mg/L zinc acetate) at room temperature for 3-5 days. To estimate the number of loci involved in adaptation, fitness estimates were obtained for 6 complete tetrads obtained by crossing Α2000 with its ancestor, and for 5 tetrads from B2000 x ancestor.
Estimates of Numbers of Adaptive Mutations:
The standard biometrical method of estimating the number of loci responsible for a quantitative trait difference between two genotypes is the CASTLE-WRIGHT estimator (CASTLE 1921) , a ratio of the genetic variance in the parental population to that in a population of offspring. The CASTLE-WRIGHT estimator as modified for haploids (CHOVNICK and FOX 1953; LYNCH and WALSH 1998 et al. 1998) . A formula for the sampling variance of n e was calculated by LANDE (1981) and modified by ZENG (1992; LYNCH and WALSH 1998) .
Backcrosses:
To check the accuracy of the estimate for the number of mutations responsible for adaptation, repeated backcrosses to the ancestor were used to isolate adaptive alleles on an ancestral background. From the fraction of backcross progeny with fitnesses that are significantly different from that of the ancestor, the number of segregating factors n WA can be estimated as
where k is the number of generations of backcrossing and p(r ≥ 1) is the fraction of nonparental lines (WEHRHAHN and ALLARD 1965) . Such lines are assumed to carry only single segregating factors, which is very likely after only a few generations of backcrossing unless the number of factors is very large (LYNCH and WALSH 1998). The method was developed for inbred diploid lines and is applied here to haploids. The 95% confidence limits (MULITZE and BAKER 1985) were also calculated.
The four genotypes of a tetrad from Α2000 were crossed with strain 875 or 876, according to their mating type. From each backcross, one diploid cell was isolated and sporulated as above, and one meiotic tetrad was microdissected. Fitness estimates were obtained for these 16 B1 progeny, and a further round of backcrosses and fitness estimates was performed.
RESULTS

Fitness trajectories:
Fitness estimates for 10 initially isogenic, genetically homogeneous populations after 2000 generations ranged from 1.53 to 1.90 (Table 2) . By comparison, fitness estimates for four standard laboratory strains unrelated to the ancestor of the experimental populations (including a pathogenic strain isolated from a human patient) ranged from 0.89 to 1.12. The 53%-90% fitness gains by evolved populations therefore represent significant adaptation to the experimental environment, and not merely recovery by an inferior genotype. The fitness trajectory of one arbitrarily chosen population at 100-generation intervals is shown in Fig. 1 . Adaptation slowed down considerably after generation 2000; the fitness of this population after 5000 generations was 1.94 (95% CI 1.87 -2.01). Fitness trajectories for all 10 populations show significantly greater adaptation by haploid than diploid populations (ZEYL et al. 2003) .
Genotype A2000, with an estimated fitness of 1.76 (95% CI 1.66-1.85) was randomly isolated from this haploid population, H3 (Table 2) . A second genotype (B2000) with a fitness of 1.60 was isolated from population H2, for quantitative genetic analysis of adaptation.
Crosses and back-crosses: Evolved genotype A2000 was crossed with a strain isogenic to its ancestor but of opposite mating type. From a single colony of this diploid hybrid, 6 complete meiotic tetrads were obtained and fitness estimates were obtained from these 24 haploid progeny. A Kolmogorov-Smirnov test gives no reason to reject the assumption that the distribution of F1 fitness (Fig. 2) is normal (P = 0.20), although it appears bimodal or possibly trimodal. The distribution of F1 obtained from B2000 also appears discontinuous, and barely passes a Kolmogorov-Smirnov test of normality (P = 0.075). Both distributions suggest that adaptive mutations vary greatly in the magnitude of their fitness effects, and that a small number of mutations may be responsible for major fitness gains. ZEYL et al. (2003) found that the average dominance coefficient of the adaptive mutations in A2000 is 0.20, indicating partially recessive mutations. Mean F1 fitness (1.249, 95% confidence limits 1.17-1.33) is less than the midparent fitness (1.38), suggesting synergistic epistasis among adaptive mutations. In contrast, the F1 distribution from B2000 gives no indication of epistasis: the F1 mean fitness and the midparent fitness are both 1.31 (Fig. 3) . Crosses could not be performed with genotypes from additional populations because over the course of adaptation as asexual populations, haploids lost the ability to mate and diploids lost the ability to undergo sporulation and meiosis.
Estimation of n e : The CASTLE-WRIGHT estimator for the number of segregating loci affecting fitness, n e , was calculated from the fitness estimates for ancestral, evolved, and F1 genotypes. The F1 segregational variance was estimated as the among-genotype component of variance from ANOVA of the replicate assays of F1 genotypes. This yields an estimate of n e = 2.5 for A2000. For B2000 the estimate is n e = 1.8. Using a gamma distribution of mutation effects (z = 3; see ZENG 1992), our modified estimates of n e are 4.4 (standard deviation 0.79) for A2000 and 2.7 (s.d. 2.18) for B2000. These estimates support the inference that a 76% fitness increase is due to 6 or fewer adaptive mutations. Statistical confidence is tempered by the synergistic epistasis indicated by the F1 fitness estimates, since the CASTLE-WRIGHT estimate assumes independent allele effects.
Backcrosses:
One complete tetrad (four B1 progeny) was chosen from the A2000 crosses for two generations of back-crossing to the ancestor to investigate further the inheritance of fitness. Fitness estimates for the resulting 52 haploid B2 progeny are shown in Table 3 . One set of four B2s could not be obtained due to the sterility (inability to mate) of a B1 genotype, and for an additional two B1 genotypes no further crosses were performed because they had the ancestral fitness of 1.0, indicating that they carried no adaptive mutations. Assuming the latter would have produced 8 B2 with fitnesses indistinguishable from that of the ancestor, 22 of 60 B2 were significantly fitter than the ancestor (whose fitness ± CI is 1.004±0.020; Table 3 ). The WEHRHAHN-ALLARD (1965) estimate is that 3.4 adaptive mutations were segregating in these lines, with 95% confidence limits of 2.10-5.02. If lines with significantly lower fitness are also counted, the estimate is 6.5 mutations, implying that 2-3 deleterious mutations were also segregating. The presence of at least one deleterious mutation in A2000 is indicated by 2:2 segregation of ancestral and below-ancestral fitness in cross BC (Table 3) , and the presence of other B2 genotypes with fitness below that of the ancestor. Some tetrads (e.g. DB) suggest that one of the deleterious mutations is less harmful in the presence of one or more of the adaptive mutations than when isolated on the ancestral background.
B2 fitness values also support the initial inference of strong positive epistasis, as the 95% confidence limits around mean F1 fitness (1.002, 1.042) exclude the midparent value (1.062), although the non-normality of the B2 fitness distribution (KolmogorovSmirnov test, P = 0.013) introduces some uncertainty. In contrast to QTL analyses, the CASTLE-WRIGHT estimate of n e does not rely on an ability to detect very small effects of individual loci, but rather on the segregational variance in a sample of F1 progeny. The fitness differences between evolved genotypes and their ancestor are 30-38X the minimum fitness difference (about 0.02) detectable by the fitness assay used here, allowing F1 variance relative to parental variance to be well resolved. Even an insensitive fitness assay would lead to a large estimate of n e if it showed little variance in F1 fitness. In contrast, the WEHRHAHN-ALLARD method is downwardly biased by limited power, since it uses estimates of the number of B2 lines differing from the ancestor. This may explain the slightly lower estimate obtained by the latter method.
It should be emphasized that this study is concerned with the genetic factors responsible for a response to selection over thousands of generations, not the factors responsible for the standing variation in natural populations. The implication is not that individuals in a population typically differ by a few, major mutations, but that each differs from an ancestor from thousands of generations ago primarily by a few major factors. It is a major advantage of the yeast system used here that the known ancestor was available for crossing.
Synergistic epistasis is indicated here in Figure 2 and Table 3 by the fact that when adaptive mutations were separated by crossing and meiosis, their adaptive effects were reduced. Such epistasis is not surprising, since in this asexual population each mutation was tested by selection only on one particular genetic background. Co-adapted combinations are therefore likely to arise. This synergistic epistasis is one factor in the current study that biases downward the estimate of n e (LYNCH and WALSH 1998) .
A standard assumption of quantitative genetic studies is that all the alleles that increase a trait value come from one parent. The results of STEINMETZ et al. (2002) illustrate that using parental lines with the most extreme trait values provides no guarantee of meeting this assumption. In the present study, given the known recent history of the parental genotypes, the evolved parent could reasonably have been assumed to carry the adaptive allele at all loci where it differed from the ancestor, but in fact A2000 carried at least one deleterious mutation, probably two or three. The hitchhiking of these deleterious mutations illustrates one of the disadvantages of asexuality in the experimental populations, since in a sexual population recombination could have separated adaptive from deleterious mutations, allowing selection to fix only the former.
Genotypes Α2000 and B2000, and several of the backcrossed genotypes showed varying degrees of sterility and inability to undergo meiosis and sporulation. The other evolved populations suffered much greater loss of sexual competence, limiting the potential to replicate estimates of n e . A subject of current investigation is whether there is a trade-off between sexual and asexual fitness in the evolved yeast populations (as observed in Chlamydomonas reinhardtii by DASILVA and BELL 1992), so that some of the mutations selected for their beneficial effect on fitness during this asexual experiment have the pleiotropic effect of reducing sexual competence. Alternatively, genes encoding sexual functions may have gradually decayed due to the accumulation of mutations that were neutral in the asexual selection regime.
The experimental population differed from those modeled by ORR (1998 ORR ( , 2003 in being asexual. Other things being equal, the fitness effects of mutations selected in clonal populations is expected to exceed that in sexual populations due to clonal interference: competition between simultaneously segregating adaptive mutations.
Assuming that selective sweeps do occur, when two or more adaptive mutations are present at the same time in an asexual population, only the one with the greatest fitness effect will be selected, and the others will be lost. This will inflate the average effect of adaptive mutations fixed in a clonal population. ORR's (1998 ORR's ( , 2002 ORR's ( , 2003 conclusions that mutations with large effects will be responsible for a substantial fraction of adaptive change will therefore be amplified by asexuality. 
